We have conducted a detailed thin film growth structure of oxygen engineered monoclinic HfO 2±x grown by reactive molecular beam epitaxy (MBE). The oxidation conditions induce a switching between (111) and (002) 
I. INTRODUCTION
Within the past years, intense research has been carried out on hafnium dioxide which is among the best candidates to fully replace SiO 2 as gate dielectric for microelectronics. [1, 2] Replacing the established Si/SiO 2 system in complementary metal oxide semiconductor (CMOS) technology raised various challenges to be solved, especially process compatibility with existing CMOS fabrication methods, to facilitate the usage of existing production lines, capacities and know-how. Among these challenges are maximizing the dielectric constant, electronic structure alignment, substrate and contact material compatibility (chemical, structural, and electrical), and control of formation of unwanted interfacial layers, just to name a few. A variety of deposition methods has been utilized in the growth of hafnium oxide thin films: atomic layer deposition, [3, 4] sputtering, [5] pulsed laser deposition, [6] chemical vapour deposition, [7] e-gun evaporation, [8] high-energy ion beam assisted deposition, [9] and sol-gel methods. [10, 11] All mentioned deposition methods do have unique features and certain advantages and disadvantages for the growth of HfO 2 thin films. As an example, PLD as a simple and flexible deposition technique allows large deposition rates but lacks sufficient stoichiometry control. [1] Unexpected physical properties of hafnium oxide thin films have been revealed which could qualify hafnia for various additional applications in microelectronics beyond CMOS.
The report of room temperature ferromagnetism or d 0 -ferromagnetism, which denotes ferromagnetism in transition metal oxides with closed shell configuration, shows that HfO 2 could also be a candidate for applications in spintronics. [12] The most recently discovered phenomenon in hafnia is a resistive switching effect as a function of applied voltage for application in non-volatile memories. [13] [14] [15] Both phenomena, resistive switching and d 0 -/room temperature ferromagnetism would significantly boost the importance of hafnium oxide for microelectronics, since it has already been qualified for standard CMOS processing. All applications of HfO 2 thin films do require a precise and detailed understanding of film growth, structure and physical properties as a function of deposition parameters, and in particular as a function of stoichiometry. Control of thin film stoichiometry is a key to control the physical properties of hafnia. The defect or oxygen vacancy formation has been modeled theoretically and identified to be crucial. In the case of d 0 -ferromagnetism oxygen vacancy induced charge carriers are responsible for the magnetic coupling. [12, 16] In the case of re-sistive switching, the local change of oxygen defects may lead to conducting paths through the film. For the classical application as a gate dielectric, the maximization of dielectric constant, κ, has been investigated by, e.g., stabilizing tetragonal (t-HfO2) or cubic (c-HfO2) phases of HfO 2 exhibiting higher κ-values than the monoclinic (m-HfO2) structure. The stabilization of different phases was expected to be supported by substitutions with, e.g., Si, C, Ge, Sn, Ti, and Ce. [17, 18] All the above mentioned properties (high-κ dielectric, d 0 -/room temperature ferromagnetism, resistive switching) controllable in one single material by oxygen engineering, would turn hafnium oxide into a real multifunctional material with great future prospective.
In this study, reactive molecular beam epitaxy (RMBE) has been used to grow HfO 2±x thin films with x varying over a wide range. Since RMBE allows to separately control the hafnium atomic flux and the oxidation conditions, and additionally allows to vary other deposition parameters with high flexibility, it is an ideal tool to vary/control film stoichiometry and the formation of oxygen vacancies. In order to investigate the impact of stoichiometry in HfO 2±x , various films with thicknesses between 50 and 200 nm have been grown under different oxidation conditions and have been carefully investigated regarding their structural, optical, electrical, and magnetic properties.
II. EXPERIMENTAL
The RMBE unit used for this study consists of a custom made ultra-high vacuum (UHV) chamber (base pressure ∼ 10 −9 mbar) with a load lock arrangement. [19] High-purity metal hafnium (99.9%, MaTecK) was evaporated using e-beam evaporation, and in situ oxidation was achieved by means of oxygen radicals supplied by rf-activated oxygen (purity 99.995%).
Substrates were radiantly heated by a plate resistance heater with a temperature capability of more than 900
• C. For in situ rate monitoring and control, quartz crystal microbalances (QCMs) are connected to a state-of-the-art four channel deposition controller (Cygnus, Inficon). The key deposition parameters varied in this study are substrate temperature (T S , varied between 400−830 • C), oxygen flow rate (varied between 0 and 2.5 sccm), and rf-power applied to the radical source (varied between 0 and 300 W). The structural characterization was carried out in situ using reflection high-energy electron diffraction (RHEED) and ex situ using an X-ray diffractometer with Cu K α -radiation (Rigaku SmartLab, 9 kW). A magnetic property measurement system (MPMS, Quantum Design) was used for obtaining magnetization data as a function of temperature and applied field. A custom made four-probe measurement setup was used for measuring resistivity as a function of temperature. The
Hall coefficient was obtained utilising a custom made setup with van-der-Pauw geometry in the MPMS cryostat. For optical characterization, a photospectrometer (PERKIN ELMER Lambda 900) was used in a wavelength range from 175-2000 nm in transmission geometry.
Surface topography was investigated by atomic force microscopy (MFP-3D Stand Alone AFM, Asylum Research).
Since the focus of this work is to study the effect of oxygen stoichiometry in hafnium oxide thin films on its structural, optical, and electrical properties rather than focusing on CMOS process compatibility, c-cut and r-cut sapphire substrates were chosen instead of silicon wafers. Substrate sizes have been 7 x 4 and 5 x 5 mm 2 single side polished and 7 x 7 mm 2 double side polished for optical characterization. Sapphire substrates are chemically more inert compared to silicon substrates, which allows higher deposition temperatures necessary to obtain highly crystalline films. Chemical reaction between substrate and film, the formation of unwanted mixed phases at elevated temperatures, and the formation of interfacial layers are minimized. This allows to study the effect of oxygen deficiency on thin film material properties while ruling out substrate contributions as much as possible. 
III. RESULTS AND DISCUSSION
A. Thin film growth and structural analysis
We first describe the thin film growth of HfO 2−x by investigating separately the influence of the key parameters substrate temperature, oxygen flow rate through the radical source, and rf-power applied to the radical source on the structural properties crystallinity, phase purity, stoichiometry, and surface topography. The Hf metal evaporation rate was held constant at 0.7Å/s, which is a moderate and well controllable rate for Hf evaporation via e-gun. Fig. 1 . The higher the substrate temperature during growth, the higher becomes the intensity of the (111) reflection, whereas the intensity of the (002) reflection does not change systematically. Around 700
• C the intensity of the (002) (111) reflections with substrate temperature shows, that increasing temperature leads to increased crystallinity, crystal size, and preferred (111) orientation, which is in good agreement with findings from Bharathi et al. [21] As reported in literature, for growth temperatures below 400
• C HfO 2 usually is amorphous, whereas at higher temperatures crystallites start to form leading to mixed films of amorphous and polycrystalline fractions. [22] [23] [24] In the case of bulk HfO 2 , a transition from the monoclinic phase to the tetragonal phase is reported for elevated temperatures, [25] which could not be observed for our thin films up to 800
No reflections of other crystallographic modifications such as orthorhombic (o-HfO 2 ) and c- 
Oxygen flow rate
The oxygen flow rate was varied between 0.5 and 2.5 sccm of molecular oxygen supplied to the radical source, covering a wide range of oxidation conditions during growth. This allows the controlled introduction of oxygen deficiencies in HfO 2−x and over-oxidation in HfO 2+x leading to oxygen interstitials and/or hafnium vacancies. As already observed for the variation of substrate temperature, at all oxygen flow rates hafnia stabilized in its monoclinic phase, highly textured, but with two orientations, (111) and (002). Oxygen flow rate studies on the growth of hafnium oxide thin films and their influence on film orientation have been carried out earlier, but were more focussed on device properties than on crystallinity and film orientation. [30, 31] 3. RF power applied to the radical source
The higher the applied rf power, the stronger the plasma intensity monitored via photocell and the higher the cracking efficiency at a given oxygen flow rate. The rf power was varied between 0 and 300 W. At 300 W, very high plasma intensities and, thus, high oxidation conditions are obtained. At such high rf power, the X-ray intensities of the (111) reflection are highest, however, rf back reflection is strongly increased at 300 W. Therefore, we decided We have monitored the thin film surface by RHEED which gives a rich and detailed realtime feedback of the ongoing crystal growth. In power applied to the radical source has been increased from 200 to 300 W to investigate very high oxidation conditions. Thus, under highest oxidation conditions the (002) orientation becomes dominant, while the (111) is fully suppressed.
As stated before, in the case of oxidation by oxygen radicals even for extreme low oxidation conditions the formation of metallic hafnium was never observed. Only when utilizing molecular oxygen instead of oxygen radicals, metallic hafnium forms for flow rates below 0.2 sccm. For zero oxygen flow rate, pure metallic hafnium stabilizes in its hexagonal phase in (002) orientation as shown in Fig. 8 . As evident from the figure, thin film orientation can be switched as a function of oxidation conditions from (111)-oriented films obtained for 0.7 -1.0 sccm oxygen flow rate to (002)-oriented films grown under highly oxidizing conditions (2.5 sccm, 300 W rf-power). In no case, any other crystalline phases of hafnia could be observed, regardless of its oxygen content. Reports on the stabilization of thermodynamically unstable phases like cubic or tetragonal HfO 2 under ambient conditions utilising high-energy ion beam assisted deposition could not be reproduced. [9, 35] In addition to c-cut sapphire substrates, also r-cut sapphire substrates were used. However, on these substrates slightly rougher, more polycrystalline, and mostly randomly oriented films of m-HfO 2±x were obtained. Because of this, further studies were limited to c-cut sapphire substrates. 
C. Band gap evolution with oxygen stoichiometry
In this section we focus on the evolution of the optical band gap as a function of oxygen content in HfO 2±x thin films. We start with a palpable observation in the visible wavelength range. When having a look on the grown 200 nm films, one notices a darkening and change of color of the films as a function of decreased oxidation conditions during growth. In Fig. 9 three hafnium oxide thin films grown under different oxidation conditions are shown. A flow rate of 2.0 sccm leads to transparent (close to stoichiometric) films, 1.0 sccm leads to slightly darker and less transparent films, and 0.3 sccm leads to dark, non-transparent thin films with a beautiful golden shine. As a reference, a 50 nm thick, purely metallic hafnium film is added to Fig. 9 (corresponding to 0 sccm). Film darkening in hafnia as a function of oxidation conditions during growth, to our knowledge, has only been observed before by Hadacek et al., where a slight grey appearance for films grown under UHV conditions with PLD has been reported. [36] In comparison, for oxygen deficient SrTiO 3−δ , a change in color as a function of oxygen deficiency has been reported, where a glistening oxidized gem transmutes into a dull blue, conductive crystal. [37] We will later discuss the color change in [44, 45] post deposition annealed PLD-grown hafnium oxide, [46] and titanium dioxide. [47] As discussed later, the band gap reduction is probably due to a hybridization of in-gap defect states with the conduction band. One scenario which could give an explanation for such a tremendous decrease in resistivity in oxygen deficient HfO 2−x thin films of more than 14 orders of magnitude is the possible presence of metallic hafnium distributed in the film forming conductive current paths. A volume fraction of more than 20% of metal hafnium would be needed, assuming a statistical distribution in an HfO 2 matrix according to percolation theory. [50] In order to investigate this further, X-ray measurements were carried out to trace crystalline metallic hafnium.
In all cases, monoclinic hafnium oxide was identifiable. No impurity or metal Hf phases could be identified. However, there is still the possibility for a distribution of amorphous metallic hafnium in a stoichiometric HfO 2 matrix which would not be observable utilizing X-ray diffraction. To rule out this scenario, HRTEM has been applied. With this method, one could clearly identify HfO 2−x grains with corresponding atomic spacings, but no traces of amorphous phases. Additionally, both, X-ray diffraction and HRTEM, show that even for extreme low oxidation conditions still the monoclinic structure of hafnia is maintained without decomposition or phase change. A more detailed description of the HRTEM study can be found elsewhere. [51] All films were stable in air and were re-measured after 12 months,
showing no change of physical properties.
As evident from the resistivity measurements, the introduction of oxygen vacancies leads In literature, similarly stoichiometry values have been reported, however, in all these cases neither high conductivity nor change in optical appearance was reported. [35, 54, 55] It would be favorable to determine absolute values of oxygen stoichiometry, avoiding indirect methods as our estimation using the charge carrier concentration in highly deficient HfO 2−x .
Various approaches have been made to determine the oxygen stoichiometry, in many cases X-ray photoelectron spectroscopy has been applied to monitor the O 1s and Hf 4f band intensities and positions. [56, 57] These XPS studies can be carried out in situ or ex situ, in the latter case with or without sputtering for cleaning and/or depth profiling. To determine the stoichiometry of our RMBE grown thin films, sputtered XPS has been applied, but considered not to be accurate enough due to significant preferential sputtering of oxygen.
This leads to a measured decrease in oxygen content with increasing sputtering time, as evident from depth profiles. This effect becomes more and more prominent, the higher the In Fig. 15 we have summarized the band structure of oxygen deficient HfO 2−x based on our experiments. The large band gap of stoichiometric HfO 2 of 5.7 eV is reduced to 4.5 eV as experimentally observed. This reduction is most likely due to the hybridization of defect states with the conduction band. The golden shine of our highly reduced samples (see Fig. 9 ) requires an absorption edge of about 2 eV. This feature can be explained by transition from the broadened midgap band to the conduction band.
The Fermi level sits inside a second defect state band in the vicinity of the conduction band. Due to the more than half filling of this band, we obtain p-type charge carriers.
Currently, we are investigating our samples in more detail by optical spectroscopy in order to confirm more quantitatively our rough picture as concluded from the reported measurements 
